np.:/ebpnel.nies. nib.gov/docs/1999/107p799-803rowe/abstrac hrml Several regional and global reviews have reported extinctions, extirpations, and serious declines ofa number ofamphibian species and their populations (1) (2) (3) (4) (5) (6) . The detrimental effect that habitat destruction has on amphibian populations is undeniable (7) . Because anthropogenic pollution has had population level impacts on other vertebrates such as colonial waterbirds (8) , mammals (9, reptiles (10) , and fish (11) , the lack oflong-term population information on amphibians (12) (13) (14) should not prevent scientists from hypothesizing and studying the impacts of pollution on amphibian health and populations. Chemical stressors such as acid deposition, industrial chemicals, pesticides, heavy metals, salts, and nitrogen fertilizers are possible anthropogenic causes for the decline of some amphibian populations around the world, but the impact of these factors is poorly understood (15) . This evaluation focuses on potential effects in North America of one pervasive pollutant, nitrate-nitrogen, which is highly toxic to amphibians.
Different forms of nitrogen are found globally in aquatic ecosystems. Nitrogen in the aquatic environment occurs in four forms (ammonium ion, ammonia, nitrite, and nitrate). All nitrate values in this review are reported as nitrogen in nitrate-nitrogen. The most toxic nitrogen to biota is ammonia, followed by nitrite and nitrate (16) . Because ammonia and nitrite are quickly oxidized to nitrate by bacteria and algae in the aquatic environment, they are mainly problems when they originate in large volumes from point sources such as industrial effluents and livestock feed lots and slaughterhouses or areas that lack nitrification treatment of urban sewage. Although nitrate is the least toxic of the three forms, it occurs at the highest concentrations and is the most stable form of nitrogen in the aquatic environment (16) . Natural background concentrations of nitrate in groundwater in temperate regions range from trace amounts to 3 mg/L (17-19), whereas concentrations above 3 mg/L reflect anthropogenic contamination (18) .
Nitrogen contamination occurs in both agricultural and urban areas. The primary anthropogenic sources of nitrogen contamination ofwater in agricultural areas are nitrogen-based fertilizers and animal waste (20 (27) . The use of nitrogen fertilizers in North America is concentrated in Indiana, Illinois, Iowa, Ohio, and other intensely cultivated areas (28) (Figure 1 Hecnar (38) suggested that a possible mechanism for reduced feeding was a nitrate-caused disturbance of a symbiosis between the tadpole and gut bacteria involved in digestion. The probable mechanism causing the reduced activity in the tadpoles is a result of the development of methemoglobinemia. In humans, this is known as blue-baby syndrome and occurs in infants younger than 6 months of age that are exposed to nitrate-contaminated water (32) . The condition results from gut bacteria converting nitrate to nitrite, which is absorbed and then oxidizes iron in hemoglobin to form methemoglobin that is unable to bind oxygen (32 (32) . Methemoglobin has been detected in bullfrog (Rana catesbeiana) tadpoles exposed to nitrites (46) . If the development of methemoglobin is the mechanism responsible for reduced activity in amphibians, then it may also be responsible for reduced feeding activity. Marco and Blaustein (6) found that tadpoles exposed to low leVels of nitrite transformed more slowly than did control tadpoles. They also found that the exposed tadpoles occupied shallow water more often, and speculated that the tadpoles were trying to get more oxygen. The water quality guideline for the protection of human health for drinking water for nitrates is a concentration of 10 (38) . Therefore, the consequences of nitrate pollution on amphibian populations are hard to quantify. However, the data suggest that the problem of nitrate pollution is extensive and that the compound is toxic enough to represent one of the most pervasive contaminant threats to amphibian survival in (Figure 2) . The average concentration shown in Figure 2 is conservative and does not represent the maximum concentration that could possibly occur. Because these are the only data available, Figure 2 shows sample results of larger streams. We suggest that these habitats will typically have lower (59) . Unfortunately, buffer strips will not help to reduce nitrate that enters the streams through tile drainage. However, the key to minimizing the agricultural input of nitrate to surface water is the efficient use of fertilizers as indicated by the proportion ofadded nitrogen that is removed by the harvested portion of the crop. The time of application is also important; if the fertilizer is applied as a pre-emergent or at the postseason stage, crop uptake, the major utilizer of nitrogen, will be absent. Therefore, the use of the best management practices developed for nitrogen fertilization along with buffer zones around watercourses can reduce or virtually eliminate the impacts of nitrogen contamination on wildlife.
Conclusion
Nitrate levels in many agricultural ecosystems of North America exceed 1 mg/L, i.e., concentrations that are toxic to amphibians and/or other aquatic organisms. The benefits of increased productivity due to nitrate are likely outweighed by the impact on wildlife health and survival (38, 41) . We conclude that it is highly probable that nitrate concentrations in surface waters in North America are adversely affecting amphibian survival. Nitrogen pollution will undoubtedly become an even larger global problem if agricultural and urban development continues in developed and developing countries without the incorporation of safeguards to reduce the amount of nitrogen that enters aquatic environments. Increasing the number of species studied, testing with environmentally relevant concentrations (2-100 mg/L), and examining the impact on wild populations are vital to a better understanding of the effects of nitrates on amphibian ecology. Because high levels of nitrates and other agricultural chemicals such as pesticides occur in the spring and early summer months in North America, additive or synergistic toxicity of these chemicals also needs to be determined. Although there is a need to conduct more field experiments on nitrate toxicity to amphibians, the known information suggests a serious potential for toxicosis that must be addressed immediately.
